Introduction
In recent history, the Mediterranean fruit fly, Ceratitis capitata (medfly), has clearly demonstrated its ability to expand its host range rapidly and occupy new habitats around the world, especially where certain forms of intensive agriculture are practised. Beginning from a probable origin in East Africa, within the last 200 years the medfly has become established in several countries in the Mediterranean region, Central and South America, the Hawaiian islands and parts of Australia (Saul, 1986; Fimiani, 1989; Fischer-Colbrie & Busch-Petersen, 1989 ). In addition, in recent years numerous sporadic infestations of this pest have occurred in the mainland U.S., in particular in California. The origin of these infesting flies has remained unclear, *Correspondence. E-mail: dhaymer@hawaii.edu and the extent to which different infestations occurring from year to year in California are related to each other has remained controversial (Carey, 1991) . We use the terms population and infestation interchangeably to emphasize the transient nature of the worldwide distribution of this pest.
Situations such as the sporadic infestations occurring in the mainland U.S. serve as a unique opportunity to monitor the genetic dynamics of an invasion process. Knowledge of the geographical origin of infesting flies can serve to identify actual or potential paths of gene flow as well as bottleneck effects accompanying such movements. In cases in which invasions have been observed to occur in consecutive years or in multiple localities (as has been the case recently in California), the temporal and spatial relationships between different infestations of these pests can provide a critical insight into the dynamics of the colonization process. An under-standing of this process has important implications for monitoring species movements in the broadest sense, not only for pest species, such as the medfiy.
Suitably variable genetic markers can be used to establish relationships between existing populations and to document the dynamics of movement of pest species from existing areas to new habitats or geographical localities. In species such as the medfly, methods based on PCR amplification (Mullis et at., 1986) of anonymous genomic DNA sequences, using arbitrary (Welsh & McClelIand, 1990) or random (Williams et at., 1990) primers, are appropriate for identifying such markers. Although these methods may represent something of a compromise in terms of classical genetic analyses (Black, 1993; Slade et a!., 1993), they clearly identify highly variable genetic markers relatively quickly and easily (Welsh et al., 1995) , and they are not constrained by the extent of prior knowledge of the genetics or molecular biology of such organisms (Haymer, 1994) .
These types of markers can be diagnostic of different populations, which may be acting as potential sources of origin of pest invasions (Williams et a!., 1994) . They can also be used to monitor the fate of invasion attempts by documenting the nature and extent of genetic relationships among multiple infestations. Genetic data such as these can be crucial in distinguishing between competing hypotheses that have been proposed to explain the occurrence of the medfiy in California (Carey, 1991) . One hypothesis suggests that the various infestations are outbreaks of a widespread established population that has merely been suppressed, but not eradicated. Another hypothesis suggests that the different infestations must represent independent events, because of success in eradication each time the medfiy has appeared. Resolution of this issue clearly has important implications for documenting the success of eradication efforts.
We previously used the method of arbitrary priming known as random amplified polymorphic DNA polymerase chain reaction (RAPD-PCR; Williams et al., 1990) to identify appropriate diagnostic genetic markers in sample collections from localities around the world with established medfiy populations (Haymer & Mclnnis, 1992) . Gasperi et al. (1991) , Malacrida et at. (1992) and Baruffi et a!. (1995) have previously used allozymes and certain DNA markers to document the relationships among some medfiy populations. Here, we extend the analysis using diagnostic genetic markers to examine the relationships of various 'established' medfly populations to each other and to recent infestations occurring in several localities within California in
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Materials and methods

Fly specimens
Individual medfiy specimens were obtained from wild collections, the Medfly Germplasm Repository (APHIS, USDA) and the California Department of Food and Agriculture. Because of import restrictions, in most cases only dead specimen material could be obtained. Total genomic DNA was extracted according to the method described in Haymer & Mclnnis (1992) using specimens that had been freshly killed and either frozen at -80°C or stored in ethanol (minimum of 70 per cent) until use. Extracted material from each specimen was checked on a 'yield' gel for quantity and quality, and an appropriate dilution was made to allow approximately 10 ng of template to be used in each PCR reaction.
PCR reactions and quant/tation of results PCR reactions were set up using AmpliTaq DNA polymerase and conditions described by Perkin Elmer. PCR reactions were conducted on a Coy TempCycler II in 100 ttL volumes using 10 ng of template DNA and 40 pmol of a typical primer (obtained from Operon). The cycling parameters were similar to those described by Williams et a!. (1990) , except that we included an initial denaturation step of 2 mm at 94°C (one cycle) and limited the total number of repeating cycles to 40 (in order to cut down on spurious weak bands). The cycling profile consisted of a 1-mm denaturation at 94°C, a 1-mm annealing at 36°C and 2 mm for extension at 72°C. Amplification products were visualized using ethidium bromide staining of DNA after electrophoresis in 1.2 per cent agarose gels and polaroid photography under ultraviolet light. Gel pictures were scanned into a computer and bands were matched using the Gel Reader program available from the NCSA. Bands of weak intensity were checked for reproducibility and were not included in the analysis if considered to be unreliable. For each primer, a numerical designation was assigned to each band produced by each individual. A series of diagnostic gels was run to compare representative individuals from each population side by side to confirm band similarities or differences. Co-migrating bands in different individuals were assumed to represent identical allelic types. A total of 139 bands were scored in this analysis.
After scoring each band in each individual, a similarity index devised by Nei & Li (1979) was used to compare the band patterns of individuals within as well as between populations. This index reflects the extent of band sharing calculated as 2Na;,/(Na+Nh), where Nab is the number of bands common to individuals a and b. Na and Nb are the total number of bands in individuals a and b, respectively. The value produced by this index ranges from 0, representing no band sharing, to 1 representing complete identity. The within-or between-population values are based on pairwise comparisons between individuals for a particular primer. Values obtained were then averaged over primers.
The between-population similarity indices were also converted to distance values using the relationship d = 1 -s (Swofford & Olsen, 1990; Khambampati et al., 1992) . These between-population distance values were used as the input matrix for a neighbour-joining tree (Saitou & Nei, 1987) to depict population relationships graphically. Trees were constructed using pi-jyup version 3.4 available from J. Felsenstein. Band representations were also converted to frequency data for each population, and these were used to calculate a distance measure (Nei, 1975) as input for another neighbour-joining tree, which could be subjected to bootstrap analysis.
The bootstrap values shown in Fig. 5 were obtained using the 'gene frequencies' option within the program SEQBOOT, version 3.5 (also available from J.
Felsenstein).
Student's t-test was employed as a statistical measure to compare mean population similarity values after determining that the criterion for homogeneity of variances was met.
Results
After screening more than 80 arbitrary primers, we identified a set of six considered to be informative for the purpose of resolving genetic marker differences between these populations. The sequences of the informative primers are as follows: (M12) 5' -GGGACGTTGG-3'; (Ml 4) 5 '-AGGGTCGTTC-3'; (P14) 5'-CCAGCCGAAC-3'; (X16) 5'-CTCT-GTTCGG-3'; (X18) 5 '-GACTAGGTGG-3'. We initially identified these primers as informative by testing them on a minimum of five individuals from several wild collections used as reference populations. These reference populations represent countries or regions of the world where the medfly is established, including Hawaii, Guatemala, Greece and Argentina. The informative primers were then used to analyse a number of specimens from all the populations available (see Table 1 ), including individuals representing Californian infestations from the years 1992, 1993 and 1994 (includes northern and southern California), both to make direct comparisons with each of the reference populations from around the world and to consider the relation- A neighbour-joining tree (Fig. 3) , constructed using a distance matrix derived from the similarity index, graphically depicts these relationships. To analyse further the relationships of the different Californian infestations to each other, the similarity values obtained here were also directly compared with similar subpopulations sampled from Guatemala. Figure 4 compares the averages of the within-and between-subpopulation similarities for these two areas. For the Guatemalan samples, the between-subpopulation similarity values are relatively high, exhibit relatively little variation The frequency of each band morph was also determined based on presence/absence within each population. These data were converted to a distance measure (Nei, 1975) and used as the input matrix for another neighbour-joining tree (Fig. 5 ). This Ar.ti (Coordl, 93) Fig. 3 Neighbour-joining tree for all medfly populations analysed here using distance relationships based on the similarity index.
neighbour-joining tree was subjected to numerical resampling by bootstrapping (Felsenstein, 1988) , and the resultant bootstrap values are shown at the tree branch points. Each value represents the number of times (out of 100 replications) that the represented groupings occurred in the resamplings. The bootstrap value of 99 shown at the base of this figure represents the support for a three-way branching at this point in the tree. Overall, the clustering in this tree is consistent with the first neighbour-joining tree. Bootstrapping was not possible with the first tree, because each distance is based on a single input value. (Black, 1993; Slade et a!., 1993) unless appropriate crosses can be performed to establish allelic relationships. We have documented Mendelian inheritance for many RAPD markers in our own work (He & Haymer, unpublished observations), although it was not possible to conduct crosses using some of the samples listed here because only dead specimens were available (see Materials and methods). In many cases, RAPDs have been used to establish linkage relationships (see Yu & Pauls, 1994) , and this ability is clearly dependent on markers that are inherited in a Mendelian manner. In addition, there are some implicit assumptions about relationships of co-migrating bands in RAPD analyses, but this is generally considered to be a limitation only at levels above the types of intraspecific comparisons conducted here (Black, 1993) .
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We used RAPDs to document population relationships in a number of ways. One method included the calculation of a genetic similarity index based on the degree of band sharing between individuals.
Using this method, one value obtained is a withinpopulation index measuring the genetic similarity among individuals within a sample. The within- The first neighbour-joining tree constructed (Fig. 3) based on these values also shows that subpopulations from the same localities tend to cluster strongly together, again reflecting the minimal distances between these samples relative to the others. Neighbour-joining trees are constructed by creating nodes that link the least distant pairs of taxa (Saitou & Nei, 1987) . At the other extreme are populations, such as those in Greece and Argentina, which appear to be isolated gene pools because they exhibit (at least relatively) so little similarity to any of the other populations sampled here. Here again, these relationships can be seen both in the similarity indices and in the neighbour-joining tree. The second neighbour-joining tree, constructed using band frequencies (Fig. 5) , also shows similar clustering relationships.
The ability of the similarity index to document genetic relationships between populations can be used to identify the possible origins of the medfly infestations that occurred in California over the period of 1992-94. Regardless of whether the Californian infestations reflect multiple, independent infestations or new outbreaks of a widespread estab-lished population, there should be a genetic relationship between infestations and the population that was the ultimate source of the invasion. Our results clearly indicate that, of the populations sampled here, at least some of the southern Californian infestations are most closely related to the Guatemalan populations. This is based on the fact that many of the between-population comparisons for Guatemala and southern California yield similarity indices greater than 0.5, whereas other betweenpopulation comparisons do not. Both neighbourjoining trees also place the southern Californian samples in clusters with the Guatemalan populations, although to varying degrees. Although the statistical significance of such trees can be difficult to assess (Felsenstein, 1988) , there are important features suggested by the relationships depicted here. Considering the second tree, extremely low bootstrap values are found for the clusters, including two of the southern Californian populations (92 and 93) and the Guatemalan populations. This is consistent with the idea that these populations are genetically so similar that they cannot be readily In terms of the relationships of the different Californian infestations to each other, they appear to be different in several respects in comparison with the other subpopulation samplings described above.
Among the Californian samples, most of the between-subpopulation comparisons produce similarity indices that fall below 0.5. In one case (southern California, LA area, 1992 The neighbour-joining trees also depict some interesting relationships involving the different Californian infestations. The northern California 92 infestation appears to be completely unrelated to any of the southern California infestations because of its location on a separate branch of both trees. In the bootstrap analysis conducted using the tree based on frequency data, this is the most wellsupported separation in the data set. Although the separations involving the southern California 92 and 93 samples are not well supported (as described above), the separation of the Californian flies from Ventura (1994) from the other Californian infestations is much more strongly supported. Based on the notion that legitimate groupings should occur in at least half of the bootstrap estimates (Felsenstein, 1988) , this infestation can also be considered to be separate from the others. In addition, closer examination of the patterns produced by individual primers Overall, these results show that the various Californian infestations (from 1992 to 1994) exhibit genetic differences, especially compared with a set of similar population samples from Guatemala. The genetic make-up of the flies from northern California in 1992, in particular, is clearly different from any of the southern Californian infestations. Even within southern California, the different infestations exhibit less similarity to each other than do similar subpopulations from Guatemala and Hawaii. The observation of unique alleles in the 1994 infestation in southern California (Ventura, 1994) and other genetic differences argues against the possibility of these flies being a subset of earlier infestations. The 1992 and 1993 infestations in southern California are very closely related to each other, but at this time it is not possible to determine whether this close relationship is caused by the resurgence of a population that was suppressed but not eradicated or as a result of similar origins of independent infestations. In terms of the original questions raised by Carey (1991) 
